Introduction
============

As technology continues to improve, the survival of premature infants continues to improve as well.[@b1-dmso-10-285] Also, the prevalence of obesity continues to increase among children and adolescents in the USA and across the world.[@b2-dmso-10-285] Obesity in itself leads to lower high-density lipoprotein (HDL) cholesterol, higher systolic and diastolic blood pressures, higher triglyceride, and higher hemoglobin A1c (HbA1c) levels.[@b3-dmso-10-285] Prematurity has its own risk factors, and a long-term follow-up study shows a relationship between prematurity and early death from congenital anomalies, cardiovascular disease, respiratory illnesses, and endocrine disorders.[@b4-dmso-10-285] Intrauterine growth impairment has its own risk factors. The "Barker Hypothesis" or the "Thrifty Hypothesis" supports the association between intrauterine growth and ultimate adult health.[@b5-dmso-10-285] In an ill environment, a fetus adapts to survive. Such fetal adaptation can have long-term health consequences. The fetus can be exposed to poor nutrition such as in the case of placental insufficiency and maternal undernourishment, or the fetus can be exposed to overnutrition such as in the case of maternal obesity and gestational diabetes.[@b6-dmso-10-285] Under- or overnutrition may lead to future changes via epigenetic modifications of DNA structures. These changes can lead to insulin resistance and ultimately to a higher rate of metabolic syndrome and obesity in adulthood.[@b7-dmso-10-285] In this review, we discuss growth restriction and prematurity and their effects on insulin resistance, hypertension, obesity, and metabolic syndrome and the role of epigenetics.

Methods
=======

Multiple PubMed-indexed searches were performed using the following keywords in different combinations: intrauterine growth restriction (IUGR), small for gestational age (SGA), prematurity, hypertension, metabolic syndrome, insulin resistance, diabetes mellitus, epigenetics, and obesity. The articles were narrowed down based on relevance to the topic. Original studies were included. Additional references were incorporated after relevant references were taken from review articles.

In our review, IUGR was defined as an intrauterine growth restriction during the later trimesters. SGA was defined as infants with a birth weight below the 10th percentile for gestational age. A newborn can be IUGR, SGA, both, or neither. Newborns who are IUGR but not SGA may have originally developed in utero along a normal percentile in the first trimester but had growth restriction during later trimesters, remaining greater than the 10th percentile and thus IUGR but not SGA. One can also be constitutionally small, due to genetically small parents, but can have normal growth and cannot be considered IUGR.[@b8-dmso-10-285] The classification of infants according to birth weight, gestational age, and growth restriction is essential for outcome studies. Low birth weight (LBW) infants (\<2,500 g) have a 5--30 times higher mortality rate in the perinatal period compared to their appropriate for gestational age (AGA) counterparts.[@b9-dmso-10-285] In a study by Campbell et al,[@b10-dmso-10-285] infants with severe SGA (defined as birth weight \<3rd percentile) were associated with maternal smoking during pregnancy with an odds ratio (OR) of 5.3, preeclampsia (OR 4.6), threatened preterm labor (OR 3.9), and primiparity (OR 2.4). Infants with moderate SGA (birth weight 3rd to 10th percentile) were associated with primiparity (OR 1.9) and prepregnancy underweight (OR 2.4). These results led the authors to the conclusion that the severe and moderate SGA infants represent two different cohorts of infants. Severe SGA infants consist mainly of IUGR infants, while moderate SGA infants are a heterogeneous group of IUGR infants and constitutionally small infants.[@b10-dmso-10-285]

Epigenetics
===========

Cardiovascular risk factors, such as hypertension, dyslipidemia, and metabolic syndrome, were originally thought to be inheritable. However, recent developments have shown that DNA methylation and histone modification are the bases of epigenetic modification that leads to the alteration of the transcription of DNA without altering the DNA sequence itself.[@b11-dmso-10-285]

DNA methylation occurs when a methyl group is placed on a DNA dinucleotide containing CpG,[@b11-dmso-10-285] of which 70% are in the methylated state.[@b12-dmso-10-285] The unmethylated CpG dinucleotides exist in great amounts within promoter regions within CpG islands. If these promoter regions are unmethylated, the gene is expressed. If, however, the CpG dinucleotide becomes methylated on the cytosine residue to produce 5-methylcytidine via DNA methyltransferase, the promoter, and therefore, the gene is silenced and is not transcribed into mRNA. This methylation also recruits nearby proteins to continue to add silencing alterations to histones close to the gene to strengthen the silencing signal.[@b13-dmso-10-285],[@b14-dmso-10-285] Also, methylation is involved in genetic imprinting, such as Prader--Willi syndrome or Angelman syndrome, and X chromosome inactivation or lyonization.[@b12-dmso-10-285]

Histones are proteins that wrap around DNA and act as the backbone of chromatin-forming nucleosomes and help to control transcription. When DNA is wrapped in a histone, it is not accessible for transcription into mRNA and is effectively silenced. Histone modification occurs on the amino (N) termini of the histone.[@b12-dmso-10-285] There are many different types of modification that include methylation, acetylation, phosphorylation, sumoylation, ubiquitination, adenosine diphosphate (ADP)-ribosylation, and citrullination.[@b11-dmso-10-285] These modulations act by changing the charge of the histone or by altering the ability to access the histone or by both.[@b11-dmso-10-285],[@b12-dmso-10-285] Various modulations contribute to "histone code" that determines the state of chromatin, of which 51 different positions exist. These different states or positions of chromatin determine whether or not a gene will be transcribed and translated, affecting ultimately the gene expression.[@b11-dmso-10-285]

Epigenetics is thought to play a part in "fetal programming".[@b11-dmso-10-285] In utero, the fetus is exposed to the maternal environment including her nutritional status. If a mother is undernourished, her infant can develop IUGR[@b15-dmso-10-285] and later becomes at risk for developing metabolic syndrome and related diseases.[@b16-dmso-10-285],[@b17-dmso-10-285] This is thought to be due to epigenetics, acquired changes in histone code and DNA methylation, which occur in utero, that lead to alterations of the growing child's nutrition and eventually the adult's body habitus.[@b11-dmso-10-285] This has been shown historically in the offspring of pregnancies that occur during times of famine, such as the Dutch Famine of 1944,[@b18-dmso-10-285] the Leningrad Siege of World War II,[@b11-dmso-10-285] and the Great Chinese Famine in the early 1960s.[@b19-dmso-10-285] Children born after these times of famine went on to have higher incidences of coronary artery disease (CAD), diabetes, hypertension, and dyslipidemia.[@b11-dmso-10-285],[@b18-dmso-10-285],[@b19-dmso-10-285] This is known as the Barker Hypothesis or "Developmental Origins of Health and Disease (DOHAD)". The thought is that the body is programmed in utero to prepare for an adverse nutritional environment after birth.[@b14-dmso-10-285],[@b20-dmso-10-285] While this can be attributed to poor maternal nutrition during development, however, those infants were also under prenatal exposure to maternal stress due to the famine or war, which could have also led to epigenetic changes, making this cohort different from IUGR fetuses related to different maternal circumstances.[@b21-dmso-10-285] For instance, in a mouse model, the delivery of IUGR litters by chronically obese mothers was thought to be secondary to epigenetic changes of the fetal liver and placenta.[@b22-dmso-10-285]

Insulin-like growth factor-1 (IGF-1) and epigenetics
====================================================

Recent studies have shown that IGF-1 is regulated by epigenetics in adults.[@b23-dmso-10-285] Humans with severe IGF-1 deficiency have insulin resistance.[@b24-dmso-10-285] There is a correlation between IGF-1 levels and insulin sensitivity. IGF-1 lowers the risk for CAD by counter-regulating the action of C-reactive protein (CRP), which is thought to activate coronary artery endothelial cells via an inflammatory cascade. There is a reverse relationship between IGF-1 levels and risk of ischemic heart disease.[@b25-dmso-10-285]

Epigenetics plays a role in IGF-1 expression. Two different peptides that are thought to play a role in "cell proliferation, migration, and survival" act at two different times in life, such as the fetal and neonatal periods. Epigenetics works on two different promoters that control the expression of these peptides.[@b26-dmso-10-285] Fetuses and newborn infants of mothers with utero-placental insufficiency have low IGF levels, and IGF-1 dysregulation persists in childhood, which can lead to insulin resistance and CAD.[@b11-dmso-10-285],[@b25-dmso-10-285] Similar findings have been found in rat models.[@b11-dmso-10-285]

IUGR and insulin secretion
==========================

IUGR is an aberration of fetal growth and has many definitions, but basically, it can be defined as the inability to reach one's genetic growth potential in utero.[@b27-dmso-10-285],[@b28-dmso-10-285] IUGR can be symmetrical or asymmetrical, which is determined by comparing an infant's weight to length and head circumference. Symmetrical IUGR refers to a symmetrical growth restriction to length, weight, and head circumference, whereas asymmetrical or "head-sparing" IUGR refers to an asymmetrical growth restriction with a relative sparing of head and sometimes length growth comparing to weight. Symmetrical IUGR is associated with intrinsic, congenital, and other causes that occur early in gestation.[@b8-dmso-10-285] Symmetrical IUGR can be caused by genetic syndromes (trisomy 21, 13, and 18), congenital infections (toxoplasma, other viruses, rubella, cytomegalo-virus, Herpes simplex infections), dwarfisms, maternal drug use (prescription and illegal), as well as some inborn errors of metabolism (fatty acid oxidation disorders). Asymmetrical IUGR is usually associated with extrinsic causes and causes that occur late in gestation. Asymmetrical causes of IUGR are usually related to placental insufficiency, placental dysfunction, or lack of nutrients.[@b29-dmso-10-285],[@b30-dmso-10-285] In developing countries, the most common cause of asymmetrical IUGR remains caloric restriction or undernutrition. In developed countries, asymmetrical IUGR remains a problem in poverty stricken areas[@b15-dmso-10-285] and it is associated with the hypertension spectrum,[@b31-dmso-10-285],[@b32-dmso-10-285] maternal diabetes, and vascular-related disorders such as lupus and smoking.[@b33-dmso-10-285]

Type 2 diabetes develops once a patient acquires both insulin resistance and decreased insulin secretion, whether it is due to decreased beta-cell mass or poor pancreatic function. Severely IUGR infants born \<1.5 kg have decreased beta cell mass.[@b34-dmso-10-285] While some have shown a positive correlation between pancreatic beta-cell mass and birth weight, which is thought to be due to a compensation for insulin resistance.[@b34-dmso-10-285] Other studies have shown a negative correlation, which is thought to be due to beta-cell failure.[@b35-dmso-10-285],[@b36-dmso-10-285]

Insulin secretion is decreased in IUGR infants, most likely due to poor insulin sensitivity and therefore low demand. Young men who were born IUGR have 30% lower insulin secretion in relation to their insulin sensitivity, reflecting a decreased insulin deposition index.[@b37-dmso-10-285] Adults who were born IUGR are unable to secrete the amount of insulin needed to compensate for insulin resistance and have lost their insulin plasticity.[@b38-dmso-10-285]

Metabolic syndrome and insulin resistance
=========================================

There is a controversy regarding the best definition of the metabolic syndrome. However, there is an agreement that the metabolic syndrome is related to a cluster of diseases that raises one's risk of cardiovascular disease, including insulin resistance, central obesity, hypertension, dyslipidemia, and inflammation. In a recent study, the prevalence of the metabolic syndrome was found to be as high as 35% among US adults.[@b2-dmso-10-285]

All definitions agree on a component of insulin resistance whether there is type 2 diabetes or glucose intolerance. In response to a glucose load, insulin is secreted by the pancreas, which leads to an increase in glucose uptake by the muscles and a decrease in endogenous production of glucose by the liver. When there is insulin resistance, the appropriate cells cannot take up glucose, namely muscle cells. This hyperglycemia is theorized to lead to glycosylated end products that can result in atherosclerosis.[@b39-dmso-10-285] Meanwhile, hepatic glucose production continues to be unchecked, worsening the hyperglycemia. Insulin acts on insulin receptors via different pathways including the mitogen-activated protein (MAP) kinase pathway, which initiates nitric oxide vasodilation. The MAP kinase pathway leads to the activation of many other pathways that result in mitosis and inflammation. Also, MAP kinase is responsible for smooth muscle cell growth and proliferation via extracellular-related kinases (ERK). With insulin resistance there is an alteration of these pathways. Hypertension and vascular dysfunction develop because of a decrease in nitric oxide and overstimulation of smooth muscle cell proliferation.[@b40-dmso-10-285],[@b41-dmso-10-285]

Association between insulin resistance and growth restriction
-------------------------------------------------------------

Many studies have found an association between insulin resistance and IUGR and SGA infants. Leger et al found that young adults who were born SGA had higher glucose, insulin, and proinsulin concentrations than adults who were born AGA. Also, SGA adults were found to be shorter than their AGA counterparts by 4.5 cm for men and 3.94 cm for women ([Table 1](#t1-dmso-10-285){ref-type="table"}).[@b42-dmso-10-285]

In a study of 77 children, at the age of 10 years, and who were born preterm, SGA term, or AGA term, Kistner et al studied the impact of a compromised intrauterine or extrauterine environment on glucose homeostasis. In their study, the authors found that SGA infants had higher insulin levels and insulin resistance than their controls, suggesting peripheral insulin resistance. Also, the authors found that preterm infants had an attenuation in insulin-like growth factor-binding protein-1 (IGFBP-1) response during an oral glucose tolerance test (OGTT), suggesting a hepatic insulin resistance.[@b33-dmso-10-285] Similarly, in a study of young adults born prematurely and SGA, Rotteveel et al[@b43-dmso-10-285] found that preterm SGA adults have increased triglycerides and insulin during a mixed meal test.

Association between insulin resistance and gestational age
----------------------------------------------------------

Many studies have found an association between insulin resistance and lower gestational age. Wang et al found an inverse relationship between gestational age and insulin levels at birth and during childhood. The authors found that early term infants had insulin levels that were 1.13-fold higher than insulin levels seen in term infants. Also, in comparison to term infants, they found a 1.45- and 2.05-fold higher insulin levels in late and early preterm infants, respectively. Similar trends in insulin levels were seen even during childhood.[@b44-dmso-10-285] Similarly, in a study of 630,090 infants (including 27,953 premature babies), Crump et al[@b45-dmso-10-285] found that adults with a history of prematurity were more likely to be prescribed insulin and oral medications for diabetes as adults (with an OR of 1.13) ([Table 1](#t1-dmso-10-285){ref-type="table"}).

In a study of 100 adults who were \<1,000 g at birth or extremely LBW (ELBW) infants, Morrison et al[@b46-dmso-10-285] found that ELBW adults, at the age of 32 years, were four times more likely to develop dysglycemia (diabetes or prediabetes) and to have higher systolic and diastolic blood pressures than adults who were born a term. Similarly, in a study of 163 adults who were \<1,500 g at birth or very LBW (VLBW) infants, Hovi et al[@b47-dmso-10-285] found that VLBW adults had higher insulin resistance, glucose intolerance, and higher blood pressures than adults who were born at term. Also in another study, Rotteveel et al[@b48-dmso-10-285] found that young adults born prematurely have higher insulin resistance, whether AGA or SGA compared to full-term controls.

Metabolic syndrome and obesity
==============================

A key concept behind metabolic syndrome is the overabundance of energy and the mishandling of the storage of that energy. Energy intake exceeds energy output. This is seen in the central obesity component of the definition. Visceral adiposity remains key to the definition of metabolic syndrome and can be defined as an increased waist-to-hip ratio. Normally triglycerides are stored in adipocytes, but when energy intake exceeds the body's capacity, triglycerides can be stored in the liver, muscle cells, and visceral adipocytes (adipocytes surrounding vital organs), leading to central obesity.[@b49-dmso-10-285] This storage of fat is inappropriate and contributes to the metabolic derangement of metabolic syndrome. It has been shown that individuals with metabolic syndrome possess excessively large peripheral adipocytes. And according to the Danforth theory, large adipocytes are unable to differentiate into smaller, new adipocytes. Therefore, there is a worsening ability to store excess energy and triglycerides, leading to the shifting of these molecules to visceral adipocytes, myocytes, and hepatocytes, worsening insulin resistance.[@b50-dmso-10-285],[@b51-dmso-10-285]

One of the roles of insulin is to inhibit lipolysis in fatty tissue. Therefore, the inability to inhibit free fatty acid release from the peripheral tissues is one of the first signs of insulin resistance and metabolic syndrome.[@b50-dmso-10-285] Clinically, using serum-free fatty acids as a marker for metabolic syndrome is unreliable, since free fatty acid levels are inconsistent throughout the day.[@b52-dmso-10-285] There is a constant stream of transport of fatty acids back and forth between the peripheral fatty tissue and the liver. If the balance is shifted toward accumulation in the liver, this can lead to hepatic steatosis or fatty liver disease.[@b51-dmso-10-285],[@b53-dmso-10-285]

Association between growth restriction and metabolic syndrome
-------------------------------------------------------------

In a longitudinal, prospective cohort study of 1,308 individuals who were followed up to 22--30 years, Meas et al found that participants who were born SGA were more likely to suffer from insulin resistance and to have a greater rate of metabolic syndrome than their AGA controls. Also, the authors found that participants who were SGA had a twofold higher risk of developing MS during their 8-year follow-up period, and they attributed their findings to weight gain and fetal programming.[@b54-dmso-10-285] However, in another study of 17,046 Belarusian children, Kramer et al found that SGA infants were shorter and thinner and had a lower body mass index (BMI) than their AGA contemporaries. While there is a discrepancy between the two studies, it must be taken in to account that there were significant differences in the studied populations. The socioeconomic conditions were quite different and most likely played a role in the final results ([Table 2](#t2-dmso-10-285){ref-type="table"}).[@b55-dmso-10-285]

Association between prematurity and metabolic syndrome
------------------------------------------------------

Using total body magnetic resonance imaging (MRI) studies of young adults (18--27 years old) who were born prematurely (≤33 weeks gestational age) or at term, Thomas et al found that adults who were born prematurely had more total and abdominal adipose tissues and ectopic lipid contents than adults who were born at term. Also, they found higher hepatic and muscular intracellular lipid deposition in adults born prematurely.[@b56-dmso-10-285] In a similar study of 376 adults who were born prematurely and 344 adults who were born at term, Sipola-Leppanen et al found that adults who were born prematurely had a higher percentage of body fat and higher rates of metabolic syndrome (OR 3.7 for early preterm and 2.5 for late preterm). Also, they found that adults born prematurely had elevated blood pressures, larger waist circumferences, higher uric acid levels, and liver transaminase levels increasing their risk for cardiovascular disease.[@b57-dmso-10-285] Using dual energy X-ray absorptiometry (DXA) on 455 young adults (18--24 years old), Breukhoven et al found that adults born prematurely had a higher percentage of total trunk and limb fat mass than adults born at term. However, it was interesting to find that adults born prematurely had a favorable lipid profile than adults born at term, protecting them against cardiovascular disease ([Table 2](#t2-dmso-10-285){ref-type="table"}).[@b58-dmso-10-285]

While most of the studies have shown an association between preterm birth and an increased risk of metabolic and cardiovascular diseases, other studies have not supported such association. In a study using indirect calorimetry and DXA, Sipola-Leppanen et al found that adults who were born prematurely with VLBW (\<1,500 g at birth) had overall a lower resting energy expenditure (REE) but a higher REE per unit of lean body mass than adults who were born at term. Their findings were supportive of the theory that such a higher metabolic rate could be protective against the development of obesity and other chronic diseases in adults born prematurely.[@b59-dmso-10-285] In another study, Griffin and Cooke found that while preterm infants had higher rates of adiposity at term-corrected gestational age, they had lower percent body fat mass at the age of 12--15 months when compared with infants who were born at term. The authors showed that short-term rapid weight gain in preterm infants resulted in a similar body composition to term infants, arguing against the short-term risk of increased obesity in preterm infants.[@b60-dmso-10-285]

Metabolic syndrome and hypertension
===================================

Insulin is a vasodilator and increases sodium reabsorption by the kidneys.[@b61-dmso-10-285] In patients with metabolic syndrome and insulin resistance, there is an alteration of the vasodilator effect[@b62-dmso-10-285] without the alteration of sodium reabsorption by the kidneys leading to hypertension.[@b63-dmso-10-285] Also, insulin has sympathomimetic properties that are not altered with insulin resistance. Therefore, patients with insulin resistance can sometimes have decreased responses to antihypertensive medications, thought to be due to reduced vasodilation or increased sensitivity to salt.[@b64-dmso-10-285]--[@b66-dmso-10-285] Hypertension and fatty acid metabolism interact via the renin--angiotensin--aldosterone system. Adipocytes produce angiotensinogen, and with an increase in adipocyte mass, there is an increase in the production of angiotensinogen, leading to hypertension.[@b67-dmso-10-285] For instance, angiotensin-converting enzyme (ACE) inhibitors have been found to lower blood pressure and free fatty acid levels, which provide a potential therapy for the metabolic syndrome.[@b67-dmso-10-285]

Association between growth restriction and hypertension
-------------------------------------------------------

Few studies have reported an association between growth restriction and later hypertension in childhood and adulthood. In a population-based study of 330,768 young men, Bergvall et al[@b68-dmso-10-285] found that men who were born SGA had higher systolic blood pressures than men who were born with an appropriate weight for their gestational age regardless of their socioeconomic status or familial risk factor. In another study of 250,000 older adults who were born either prematurely (\<35 weeks) or small (\<2,100 g for boys and \<2,000 g for girls), Bonamy et al found an inverse relationship between birth weight and hypertension and that adults who were born SGA had 45% increased risk of hypertension, while they did not find any relationship between gestational age and hypertension. Their findings were supportive of the theory of poor fetal growth instead of prematurity being associated with hypertension later in life ([Table 3](#t3-dmso-10-285){ref-type="table"}).[@b69-dmso-10-285]

In a study of 232 men and women at the age of 50 years, of whom 108 were born IUGR and 124 were born AGA at term, Spence et al found that adults born IUGR had higher systolic and diastolic blood pressures than adults born AGA (systolic blood pressure \[BP\] 131.5 vs 127.1 and diastolic BP 82.3 vs 79.0, respectively). Also IUGR adults were more likely to be on antihypertensive medications than their controls. However, the difference was not statistically significant.[@b70-dmso-10-285] Johansson et al, in a study of 329,495 men, found that blood pressures increased with decreasing birth weight for gestational age. Interestingly, the association between SGA and systolic high blood pressure was only found in men who were born late preterm (≥33 weeks gestational age) and the risk for diastolic high blood pressure was only found significant in men who were born moderately preterm.[@b71-dmso-10-285]

Association between prematurity and hypertension
------------------------------------------------

In a study of 204 ELBW infants (\<1,000 g at birth), who were followed up for 10 years, we have previously reported an increased prevalence of hypertension and obesity in our patients. And obesity was more prevalent among children who were hypertensive.[@b72-dmso-10-285] In a study of 6,642 adolescents, Sipola-Leppanen et al found that adolescent girls who were born prematurely had higher systolic and diastolic blood pressures than their controls, but they did not have any differences in their serum lipid levels. However, adolescent boys born prematurely had a higher serum lipid levels than their controls, but they did not have any differences in blood pressures, supporting the theory of the association between prematurity and later development of cardiovascular risk factors.[@b73-dmso-10-285] In a study of 18-year old adolescents who were born extremely premature (\<28 weeks), Roberts et al found higher systolic, diastolic, and mean arterial blood pressures in 136 adolescents who were born extremely premature in comparison to 120 controls. Of interest, blood pressures at the age of 8 years were associated with blood pressures obtained at the age of 18 years, emphasizing the importance of surveillance of children and adults who were born premature.[@b74-dmso-10-285] In a follow-up study of an older population of 49-year-old men, Siewert-Delle and Ljungman found that, in adults who were born prematurely, there was an inverse relationship between gestational age and systolic (*R*=−0.46; *P*=0.001) and diastolic (*R*=−0.44; *P*=0.01) blood pressures independent of birth weight. However, such relationship did not exist in adults who were born at term. Of interest, in adults who were born at term, there was a significant correlation between systolic (*R*=0.34, *P*\<0.001) and diastolic (*R*=0.36; *P*\<0.001) blood pressures and current BMI ([Table 3](#t3-dmso-10-285){ref-type="table"}).[@b75-dmso-10-285]

In a population-based study of adults who were 25--37 years old, Crump et al found a strong correlation between preterm birth and hypertension, using the number of prescription of antihypertensive medications as a mean to diagnose hypertension and its severity. The authors also found an inverse relationship between the number of prescriptions of antihypertensive medications and gestational age independently of fetal growth. The adjusted OR for using one or more antihypertensive medications increased with decreasing gestational age (from an OR of 1.25 in adults born near term to an OR of 2.51 in adults born extremely preterm).[@b45-dmso-10-285] Similarly, in a prospective long-term follow-up study at the age of 19 years of young adults who were born at \<32 weeks and who were VLBW, Keijzer-Veen et al found a high prevalence of hypertension in adults who were born prematurely in comparison to the general population. However, they did not find any association between IUGR, birth weight, gestational age, or plasma renin levels and blood pressures in early adulthood.[@b76-dmso-10-285] In a meta-analysis of 27 observational studies, de Jong et al[@b77-dmso-10-285] found that adults who were born prematurely or had a VLBW have a higher systolic blood pressure by a pool estimate of 2.5 mmHg (95% CI: 1.7--3.3 mmHg) than adults who were born at term.[@b77-dmso-10-285]

Other aspects of metabolic syndrome
===================================

Individuals with metabolic syndrome have a typical lipid profile of elevated triglycerides, low HDL, and uniquely, small, dense low-density lipoprotein (LDL).[@b51-dmso-10-285],[@b52-dmso-10-285] Insulin resistance and hyperglycemia lead to an elevated production and the release of fatty acids, both from the peripheral tissues and from the liver, and higher levels of glucose provide the carbon backbone for further triglyceride and lipid production. Insulin resistance increases peripheral lipolysis and also lipogenesis in the liver, leading to the elevated levels of free fatty acids. This leads to an increase in VLDL (triglyceride) production in the liver. Insulin resistance also leads to hypertriglyceridemia through a reduced breakdown of VLDL via decreased concentrations of lipoprotein lipase in peripheral tissues.[@b52-dmso-10-285] Cholesterol ester transfer protein (CETP) alters both the composition of HDL and LDL in metabolic syndrome. CETP reduces the cholesterol ester content and increases the triglyceride content of HDL, resulting in smaller, denser HDL particles that are cleared faster from circulation.[@b53-dmso-10-285] LDL is similarly modified by CETP, resulting in analogous small, dense molecules.[@b52-dmso-10-285] While HDL is cleared from circulation and therefore present in lower levels in the body, small, dense LDL is thought to be more atherogenic. This particular LDL is more atherogenic because of its decreased antioxidant properties, its ability to penetrate the arterial intima better, while also being more toxic to the endothelium, and its increased binding affinity to glycosaminoglycans.[@b52-dmso-10-285],[@b78-dmso-10-285]

Association between prematurity metabolic syndrome and cardiovascular risk factors
----------------------------------------------------------------------------------

Preterm birth has been associated with metabolic syndrome and cardiovascular risk factors. In a study of cardiovascular risk factors in preschool aged children who were born prematurely, Posod et al found that children born prematurely had higher cholesterol levels (OR 2.1), higher systolic and diastolic blood pressures, higher fasting glucose levels, and indicators of insulin resistance. The authors concluded that preterm infants have an unfavorable cardiovascular risk as early as preschool age.[@b79-dmso-10-285] In a meta-analysis of 27 studies, Parkinson et al reviewed markers of metabolic syndrome in 17,030 adults who were born prematurely and were compared with 295,261 adults who were born at term. The authors found that premature birth was associated with higher systolic BP (4.2 mm Hg), diastolic BP (2.6 mm Hg), and LDL (0.14 mmol/L) in adulthood. Differences in BP were more pronounced in women than in men. However, they did not find any differences in glucose and insulin levels and intima-media thickness between adults born prematurely or at term.[@b80-dmso-10-285] In the Helsinki Birth Cohort Study of risk factors associated with coronary heart disease and stroke, Kajantie et al reviewed 19,015 adults, of whom 1,143 were born prematurely, and found no differences in thrombotic or hemorrhagic strokes between adults born prematurely and their controls. However, they found that women who were born prematurely had a higher risk for coronary heart disease (hazard ratio of 1.98).[@b81-dmso-10-285] In a population-based Swedish cohort study, Ueda et al reviewed the cerebrovascular and ischemic heart disease outcomes of 1,306,943 young adults, of whom 73,489 were born prematurely. The authors found that, while premature infants accounted for 5.6% of the cohort, they were responsible for 6.1% of all cases of cerebrovascular disease and 7.2% of all cases of ischemic heart disease. The finding was even more conspicuous when the effect of early prematurity was examined. Adults who were born before 32 weeks had a greater risk of cerebrovascular disease compared to the adults who were born at term (hazard ratio of 1.89).[@b82-dmso-10-285] In a study of physical fitness in adults who were born prematurely, Tikanmaki et al[@b83-dmso-10-285] found that adults who were born before 34 weeks and born 34--36 weeks had a lower muscular fitness than their controls. As preterm infants, adults born ELBW have similar cardiovascular profiles. Bassareo et al[@b84-dmso-10-285] have shown that former ELBW adults have higher epicardial fat thickness, which is thought to be a cardiometabolic risk factor.

Association between growth restriction metabolic syndrome and cardiovascular risk factors
-----------------------------------------------------------------------------------------

In a meta-analysis, Malin et al, while showing a small relationship, failed to show a significant relationship between birth weight \<10th percentile and adult morbidities, such as hypertension, cardiovascular disease, and diabetes. This is thought to be due to inconsistencies in definitions of LBW and IUGR and highlights the need for further studies to elucidate any association.[@b85-dmso-10-285]

Conclusion
==========

Infants who are born prematurely or have growth restriction are exposed to unfavorable nutritional environments that lead to epigenetic changes. These changes can ultimately result in the development of insulin resistance, obesity, and dyslipidemia, the main components of the metabolic syndrome. While most studies have supported some associations between IUGR, prematurity or LBW, and progression toward insulin resistance, diabetes, dyslipidemia, metabolic syndrome, high blood pressure, and increased risk for cardiovascular diseases, other studies have not supported such associations. Further studies are needed to elucidate such associations and explore the possibilities of future therapies to protect the health of future generations starting at conception and during pregnancy.
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Association between growth restriction, prematurity, and insulin resistance

  Reference                           Population                                                       Major findings
  ----------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------
  Leger et al[@b42-dmso-10-285]       Young adults born SGA                                            SGA adults have higher glucose, insulin, and proinsulin and shorter than AGA adults
  Kistner et al[@b33-dmso-10-285]     10-year old children born prematurely, SGA or AGA                SGA infants have higher peripheral insulin resistance Preterm infants have higher hepatic insulin resistance
  Rotteveel et al[@b48-dmso-10-285]   Adults born preterm SGA                                          Increased triglycerides and insulin during a mixed meal test
  Wang et al[@b44-dmso-10-285]        Term and early preterm infants at birth and in early childhood   Inverse relationship between gestational age and insulin levels at birth and during childhood
  Crump et al[@b45-dmso-10-285]       Adults with a history of prematurity                             They are more likely to be prescribed insulin and oral medications for diabetes as adults
  Morrison et al[@b46-dmso-10-285]    Adults born ELBW infants                                         Adults who were ELBW infants are four times more likely to develop diabetes/prediabetes than adults who were born at term
  Hovi et al[@b47-dmso-10-285]        Adults born VLBW infants                                         VLBW adults had higher insulin resistance and glucose intolerance than adults who were born at term

**Abbreviations:** AGA, appropriate for gestational age; ELBW, extremely low birth weight; SGA, small for gestational age; VLBW, very low birth weight.

###### 

Association between growth restriction, prematurity, and obesity

  Reference                                 Population                              Major findings
  ----------------------------------------- --------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Meas et al[@b54-dmso-10-285]              22--30-year old adults                  Adults born SGA were more likely to have insulin-resistance and metabolic syndrome than adults born AGA
  Kramer et al[@b55-dmso-10-285]            Children                                Children born SGA were shorter and had a lower BMI than children born AGA
  Thomas et al[@b56-dmso-10-285]            18--27-year old adults                  Adults born prematurely (≤33 weeks) had more total and abdominal adipose tissues and ectopic lipid contents than adults born at term on total body MRI
  Sipola-Leppanen et al[@b57-dmso-10-285]   Adults                                  Adults born prematurely had a higher percentage of body fat and higher rates of metabolic syndrome
  Breukhoven et al[@b58-dmso-10-285]        18--24-year old adults                  Adults born prematurely had a higher percentage of total, trunk and limb fat mass than adults born at term
  Sipola-Leppanen et al[@b59-dmso-10-285]   Adults born prematurely and were VLBW   Premature and VLBW adults had a lower REE, but higher REE/unit of lean body mass than adults born at term
  Griffin and Cooke[@b60-dmso-10-285]       12--15-month old children               Preterm infants had higher rates of adiposity at term-corrected gestational age, but they had lower percent body fat mass at the age of 12--15 months when compared with infants born at term

**Abbreviations:** AGA, appropriate for gestational age; BMI, body mass index; MRI, magnetic resonance imaging; REE, resting energy expenditure; SGA, small for gestational age; VLBW, very low birth weight.

###### 

Association between growth restriction, prematurity, and hypertension

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Studies                                        Population                                          Major findings
  ---------------------------------------------- --------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Bergvall et al[@b68-dmso-10-285]               Young men                                           Men born SGA had higher systolic blood pressures than men born with an appropriate weight for their gestational age

  Bonamy et al[@b69-dmso-10-285]                 Adults                                              Inverse relationship between birth weight and hypertension. Adults who were born SGA had 45% increased risk of hypertension. No relationship between gestational age and hypertension

  Spence et al[@b70-dmso-10-285]                 50-year old adults                                  Adults born IUGR had higher systolic and diastolic blood pressures than adults born AGA

  Johansson et al[@b71-dmso-10-285]              Adult men                                           Blood pressures increased with decreasing birth weight for gestational age

  Mhanna et al[@b72-dmso-10-285]                 10-year old children who were born ELBW infants     Increased prevalence of hypertension and obesity

  Sipola-Leppanen et al[@b73-dmso-10-285]        Adolescents                                         Adolescent girls born prematurely had higher systolic and diastolic blood pressures.\
                                                                                                     Adolescent boys born prematurely had a higher serum lipid levels

  Roberts et al[@b74-dmso-10-285]                18-year old born at \<28 weeks gestation            Higher systolic, diastolic, and mean arterial blood pressures in adolescents who were born extremely premature

  Siewert-Delle and Ljungman[@b75-dmso-10-285]   49-year old men                                     In adults born prematurely, there is an inverse relationship between gestational age and systolic and diastolic blood pressures independent of birth weight

  Crump et al[@b45-dmso-10-285]                  25--37-year old adults                              Correlation between preterm birth and hypertension independently of fetal growth

  Keijzer-Veen et al[@b76-dmso-10-285]           Young adults born at \<32 weeks and who were VLBW   High prevalence of hypertension in adults who were born prematurely

  de Jong et al[@b77-dmso-10-285]                Meta-analysis                                       Adults who were born prematurely or were VLBW have a higher systolic blood pressure
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** AGA, appropriate for gestational age; ELBW, extremely low birth weight; IUGR, intrauterine growth restriction; SGA, small for gestational age; VLBW, very low birth weight.
